ABSTRACT. -Avian cytogenetic research has, until recently, lagged far behind efforts devoted to the cytogenetics of other vertebrate groups. Avian chromosomes are inherently difficult to study because most are minute and their morphology and number are obscure. Since 1966, improved methods of culturing avian cells have resulted in more comparative chromosome studies whose quality parallels those for mammals.
New cytological techniques coupled with interest in comparative cytogenetics have produced abundant data on vertebrate chromosomes, particulary those of mammals. Methods for examining the banding patterns of chromosomes and related procedures have transformed the cytogenetics of the 1960' s into a vigorous, dynamic discipline. New efforts have been made to reassess the role that chromosomal change within a lineage can play in starting reproductive isolation, and hence the speciation process. Views concerning the relevance of chromosomal change to speciation and the processes by which this might occur have polarized (Mayr 1970 , White 1978 .
The number of avian species that have been karyotyped has doubled in the past decade (Shields 1980 ), yet no detailed review of this field exists and the earlier summaries of Bloom (1969) Ray-Chaudhuri (1973) and Shoffner (1974) are now incomplete.
My purpose here is to synthesize all available data concerning avian cytogenetics and to interpret them in light of our understanding of chromosomal evolution in other betterstudied groups. To this extent the synthesis is comparative. Chromosomal variability between lineages at different taxonomic levels is assessed.
METHODS

GENERAL BACKGROUND
Most of the chromosomes of nearly all avian species are microchromosomes (see Glossary at end of article), which are difficult to count accurately. Consequently, it is difficult to determine whether differences in the total microchromosome number reported by authors are real or are artifacts of preparation and analysis. This problem can be resolved only when large numbers of karyotypes per individual and meiotic analyses are included in a research plan. Such detailed studies are uncommon in current research on avian chromosomes, and most comparative studies emphasize variation in macrochromosomes.
Moreover, since differential banding analyses have been performed on only a few avian species, chromosomal variability is most commonly scored only in classically, nondifferentially stained material. Consequently, only rearrangements that change the diploid or fundamental numbers of chromosomes, or alter the position of the centromere in an obvious way, are scored.
Females are the heterogametic sex in birds and most of them possess a minute W sex chromosome that is comparable in size to most microchromosomes. Thus, in classically stained material the W chromosome is very difficult to identify; some authors either make a tentative identification or ignore it completely. Other chromosome markers such as nucleolar organizer regions, which have been characterized extensively in vertebrates other than birds, are not obvious in conventionally stained avian material.
I alleviated these difficulties to some extent by limiting my analyses to species for which a pictorial representation of the entire karyotype and relative chromosome lengths and arm ratios were available. All data for this review are from my laboratory or the published literature. The karyotypes that were studied in my laboratory were prepared from cultured kidney cells that were harvested and stained in the usual way with carbol fuchsin (Shields 1973) . Several individuals of each sex were usually karyotyped, and diploid and fundamental numbers were determined from at least ten nuclei of each individual. Sample sizes were much larger for species that were studied in other contexts (e.g., species of juncos and the White-throated Sparrow). The additional published and unpublished material that I use in this review were obtained essentially in the same way as those from my own laboratory.
Much of the early avian cytogenetic literature was based on methodology now recognized as inappropriate for detailed analyses; consequently I have not included pre-1966 literature in this review. I assessed chromosomal variability in birds through separate comparisons within species, between species of the same genus, and within orders. Of the nearly 300 species studied, approximately one-fourth were analyzed in my laboratory.
INTRASPECIFIC ANALYSIS
I examined the karyotypes (chromosomes homologously paired and arranged in decreasing order of size) of individual birds of each species for variations in the size of each pair of homologous chromosomes, and the location of the centromere. Intraspecific chromosomal variability was assumed to exist if either one or both members of a pair of homologous chromosomes of an individual bird differed in an obvious way from the same pair of chromosomes in other individuals of the same species. For individuals that showed variation, the suspected mechanism of chromosome change is given in Table 1 .
INTERSPECIFIC ANALYSIS
In the present study, I also examined congeneric species for interspecific differences in karyotype. I excluded genera for which the karyotype of only one species was available. My analyses consist of comparisons of diploid and fundamental numbers and the locations of the centromeres on each chromosome.
In all, I examined the chromosomes of 136 species representing 46 genera ( Table 2 ). All possible pairwise comparisons within a genus were made. I refer to a pair of species as "identical" if their karyotypes appeared to be the same. In cases where pairs differed, I present a brief description of the variation in the table.
ORDINAL COMPARISONS
Differences between unbanded, classically stained chromosomes from species in different genera are difficult to interpret because the cumulative changes in chromosomes that were once homologous may now be so numerous as to obscure the homologies. Nonetheless, an assessment of the extent of chromosomal variability within orders may indicate the cytogenetic mechanisms that operate at higher taxonomic levels in birds. I include in this analysis all orders for which more than one species has been studied. It is possible, therefore, for a single species to appear in this analysis, although it was excluded from the interspecific analysis for lack of a comparative partner. In the present study, I compare variations in the range of diploid numbers among orders of birds (Fig. 1) .
RESULTS AND DISCUSSION
INTRASPECIFIC CHROMOSOME VARIABILITY Of the nearly 300 species analyzed, only 16 show intraspecific chromosomal variability (Table 1) . This should only be considered a first approximation of the true variability present within any avian species since no complete cytogenetic analysis of a population of any wild avian species has yet been undertaken. Only Despite these limitations, the summary of intraspecific chromosomal variation in Table  1 reveals several interesting trends. For example, inversion polymorphisms of chromosomes 2 and 5 are widespread among juncos. Indeed, they were found in all nominal taxa that have been studied extensively. While the potential for transfer of polymorphic chromosomes between some taxa of juncos (e.g., J. h. hyemalis and J. h. oreganus) exists, lineages such as J. hyemalis and J. phaeonotus are morphologically distinct, reproductively isolated, and considered to be good species, even though they share polymorphisms for both of these chromosomes. Clearly, the chromosomal rearrangements in this genus had little or nothing to do with speciation within the group. At present we do not know what mechanisms maintain the polymorphisms in this taxon in the face of the meiotic incompatibilities that must exist in heterozygotes (Shields 1976 If the rearrangement of chromosomes in juncos were associated with reproductive isolation, then I might have found populations in which specific chromosomal morphs were fixed. Indeed, I found none: inversions were floating in all populations that I analyzed. Evidently, the chromosome rearrangements in the genus Junco are maintained either by balanced polymorphism or frequency dependent selection, the mechanism of which is presently obscure, or by niche preference (Mayr 1954 ). plumage could be divided into two distinct phenotypes; no sex linkage was evident. He used the color of the median crown stripe (white or tan) to describe the morphs. Whitestriped birds of either sex were more responsive to the playback of recorded song than were their tan-striped counterparts and mate selection was associated with plumage and behavioral polymorphisms: white-striped birds of either sex mated with tan-striped birds of the opposite sex. Tan-striped X tan-striped matings were rare and no white-striped X whitestriped matings were noted (Lowther 1962 Table 2 have identical karyotypes. From these data alone, one might argue that chromosomal change does not accompany avian speciation, since so many good biological species of birds possess identical karyotypes. This is probably true, and in cases where chromosomal variation between species is present, it may have developed after the reproductive isolation of the lineages rather than in the speciation process. It is clear, however, that many avian genera contain species with identical karyotypes, e.g., Aythya, Grus, Lams, Strix, and Asio. In a recent study of the G and C bands on chromosomes, Ryttman et al. (1979) found that the karyotypes of the Lesser and Greater Black-backed gulls, Herring Gulls, and Mew Gulls were identical. Biederman (pers. comm.) has also recently shown that the G-bands on the chromosomes of the Great Horned Owl, the Snowy Owl (Nycteu scandiaca), and the Long-and Shorteared owls are identical. In other words, species within different avian genera also appear to possess identical banding sequences. Chromosomal rearrangement has apparently played little or no role in the speciation of these groups.
Most interspecific chromosomal variability among birds is minor when compared to the rather bizarre variability found in some mammals. The Assam muntjac deer (Muntiacus muntjak vaginalis), for example, has a diploid number of 6 ( P ) or 7 ( 6 ) whereas the Chinese muntjac (M. reevesz) has a diploid number of 46 (Wurster and Benirschke 1970) . In contrast, the greatest interspecific variation between karyotypes in the present study is between the Eurasian Roller, in which the diploid number is 90, and the Indian Roller, whose diploid number is 78. These differences presumably involve changes in the number of microchromosomes. However, the validity of these diploid numbers is suspect, particularly since they were determined by different authors. Interspecific chromosomal variation nevertheless does not appear to be extensive among birds. The karyotypic variability shown by species of Passeriformes at the specific and generic levels (Tables 1 and 2) is not present at familial and ordinal levels, even though more than onethird of the avian species that have been karyotyped are passerines. The data presented here do not indicate that chromosomal change plays a major role in the speciation process of birds. Rather, chromosomal variability within local populations appears to be associated with mechanisms that promote either balanced polymorphism or frequency-dependent selection. Karyotypic differences among species of the same genus do not appear widespread in birds, and large numbers of congeneric species frequently have identical karyotypes (Table 2) . Moreover, it is not known whether karyotypic variability between species was an integral factor promoting the initial reproductive isolation that preceded speciation or whether it developed after the speciation event. More detailed studies may indicate that chromosomal change is important in avian speciation, but the evidence accumulated to date does not suggest this. That the speciation process is not always accompanied by major chromosomal change is supported by recent work on bats ( They computed a nearly lOOfold difference in the rate of chromosoma! change between the rapidly evolving horses, genus Equus, and several genera of salamanders that appeared to be conservative in their rate of karyotypic change. Further, they suggested that genetic drift may function in the rapid fixation of novel chromosomal rearrangements, particularly in lineages that have well developed social organizations and breed within small demes. Unfortunately, we cannot test this hypothesis with birds because we lack both detailed data on effective deme sizes and an accurate fossil record with which to date various lineages, particularly those of recent origin (e.g., Passeriformes).
An alternative hypothesis (Bickham and Baker 1979) suggests that the karyotype is important phylogenetically, that there is an optimal karyotype for each adaptive zone, and that it can evolve through chromosomal rearrangements. Consequently, when an organism invades a new adaptive zone there will be a period of karyotypic change that continues until the optimum or near optimum karyotype develops. Thereafter, change will be primarily by genie and morphological mechanisms, not chromosomal rearrangements. Implicit in this "canalization model" for chromosomal evolution is the postulate that the taxonomic level at which chromosomal variation occurs is a function of the evolutionary time that a lineage has occupied an adaptive zone. Further, the model suggests that most chromosomal evolution is phyletic or anagenic, and that a chromosomal mutation can become characteristic of a lineage without necessarily producing sister species. That is, the model is not primarily concerned with the role of chromosomal change as an isolating mechanism in the speciation process. It emphasizes the adaptive nature of the karyotype, whereas previous models have placed emphasis on chance events that permit chromosomal evolution.
Avian chromosomal data are consistent with the canalization model. Karyotypic conservatism (no obvious chromosomal variation) characterizes groups that are believed to be phylogenetically old (e.g., owls, cranes, falcons, accipiters, and waterfowl). Conversely, taxa that are currently undergoing adaptive radiation and are believed to be phylogenetically young (e.g., the passerines) are karyotypically variable, particularly at lower taxonomic (genus and species) levels. However, ages of avian lineages are difficult to determine and the number of avian species that has been karyotyped is still small.
Analyses of banding patterns on the chromosomes of turtles (Bickham 198 1) indicate that such chromosomal rearrangements as centric fusions, pericentric inversions and interchanges develop during the diversification of families. In contrast, the types of rearrangements that accompany speciation are mostly heterochromatic additions. Thus, in turtles, not only do the rates of karyotypic evolution differ, but the kinds of chromosomal rearrangements also differ with the evolution of various taxonomic divisions. More detailed banding studies in birds will help to determine if similar trends are also present in this class. Bengtsson (1980) used the standard deviation of the chromosome numbers within a mammalian genus as an estimate of the rate of karyotypic evolution. He concluded that the rate of karyotypic evolution was greater in small mammals than in larger ones, and in the genera with many taxa in contrast to genera with fewer taxa. He argued that the disadvantageous effects of chromosomal mutation must be strongest in animals that can mate only periodically (e.g., once a year) and produce only one or a few offspring at a time. However, body size and reproductive potential (i.e., age at first breeding and brood size) are most certainly interrelated and it is difficult to separate the effects of each.
Nonetheless, the present study also indicates that avian taxa of large body size and small brood size tend to be karyotypically conservative (e.g., cranes, hawks). However, the avian data do not support Bengtsson' s contention that large brood size is associated with karyotypic variability. For example, most species of Anseriformes and Galliformes have large broods, yet these lineages are characterized by extreme karyotypic conservatism.
Karyotypic descriptions are available for only about 3% of all extant avian species (Fig.  1) . I am aware of no data concerning 114 of the 174 avian families. Clearly, there is much work to be done. I hope that this synthesis of available data will encourage greater activity in this long-neglected field of avian biology. 
